Abstract Drugs exist that show long-lasting inhibition of embryogenesis and microfilaria production or macrofilaricidal activity against Onchocerca volvulus.
Introduction
Onchocerciasis is still a public health problem in tropical Africa, and the development of better drugs or a vaccine is still needed (Boussinesq 2008 ). When we began to study the effects of anthelmintic drugs and vector control on Onchocerca volvulus, it became obvious that we had to estimate the age of the filariae to differentiate between worms that had been present during the treatment and those newly acquired between treatment and examination of extirpated O. volvulus months or years later. Therefore, we had to find criteria to estimate the worm age for the identification of young newly acquired worms. We included this aspect during further studies. The results for the age estimation based on the worm morphology had been summarised for histology by Büttner et al. (1988) , for electron microscopy by Franz (1988) , and for isolated worms using the collagenase digestion technique of the human nodule tissue by Schulz-Key (1988) . We observed during these studies in Liberia, 19 male and 25 female immature worms among 6,889 filariae (Albiez et al. 1984) , and an immature worm was later described in detail by Duke (1991) . The presence or absence of immune cells in the nodule can also support the recognition of young worms (Wildenburg et al. 1996 (Wildenburg et al. , 1998 .
Meanwhile, we have collected more data. Because the estimation of the age by morphological criteria alone is difficult for less experienced examiners, we have included the deposition of iron in the filarial tissues using histochemistry (Wildenburg and Henkle-Dührsen 1999; Jolodar et al. 2004) . Further, we studied by immunohistology the uptake of degenerated material by lysosomes positive for O. volvulus aspartic protease (APR; Jolodar et al. 2004 ) and the presence of Wolbachia endobacteria after doxycycline treatment (Hoerauf et al. 2003 ). Here, we summarise the morphological criteria and describe in more details the differentiation between young and old O. volvulus filariae based on iron staining and labelling of APR. This study provides criteria to identify newly acquired worms in future drug trials.
Patients, materials and methods

Patients and onchocercomas
Our estimates of the worm age are based on the analyses of worms from children (Büttner and Weiss 1984; Büttner et al. 1988) , patients who had stayed only a short time in an endemic area and had been nodulectomised for a known number of years later, re-nodulectomies of patients a few years after all palpable nodules had been excised (Albiez 1985) , old worms after varying periods of vector control and ivermectin mass treatment. Onchocercomas from patients in Liberia, south western Burkina Faso, northern Ghana and western Uganda were included from the material of previous studies (Büttner et al. , 1988 (Büttner et al. , 1990 Fischer et al. 1993; Ndyomugyenyi et al. 2004 ; for vector control see Garms et al. 2009 ). The nodules had been surgically removed from the patients using local anaesthesia and aseptic conditions. Also included were onchocercomas from travellers that had been sent for diagnosis to the Bernhard Nocht Institute.
Histology and immunohistology
The selected onchocercomas were fixed in 70-80% ethanol or 4% phosphate-buffered formaldehyde solution and embedded in paraffin using standard methods. Haematoxylin-eosin (Merck, Darmstadt, Germany) was used for all nodules; Movat, van Gieson and azan staining were applied for selected nodules. For the detection of iron in the filarial tissues, Gomori's iron method was applied for all selected nodules, using acid potassium ferrocyanide solution and nuclear fast red as counter stain (Luna 1968; Wildenburg and Henkle-Dührsen 1999) . For immunohistology, the alkaline phosphatase-anti-alkaline phosphatase technique was applied according to the recommendations of the manufacturer (DakoCytomation, Hamburg, Germany). An antiserum raised against APR in a rabbit (Jolodar et al. 2004 ) had been used as primary antibody (diluted 1:1000-1:4000) in previous studies to assess the vitality of the filariae. It was now used for further nodules to estimate the worm age. As secondary antibody mouse anti-rabbit immunoglobulin (clone MR12/53, DakoCytomation) was applied. Fast Red TR salt (Sigma, Deisenhofen, Germany) served as chromogen and haematoxylin (Merck) as counter stain. In several studies, antibodies were used against Yersinia enterocolitica heat shock protein 60 (hsp60; Pfarr et al. 2008 ; supplied by Prof. IB Autenrieth, Tübingen) and Dirofilaria immitis Wolbachia surface protein (WSP; supplied by Prof. Claudio Bandi, Milano, Italy).
Results
Morphological characteristics of filarial age
The morphological characteristics of young and old female worms are summarised in Table 1 . In principle, these or similar criteria also apply for males. Only a few additional criteria regarding the localisation of young worms in the nodule are shown in Fig. 1 (2-7) . The young worms were smaller ( Fig. 1 (1) ), indicated by a smaller diameter in histological sections ). Especially during the 1-3 years of prepatency (WHO 1987) , immature and young nulliparous worms lived in tiny nodules ( Fig. 1 (2,  3) ), as seen in nodules of young children. Such small onchocercomas can easily be missed. In chronic infections, new female worms were usually attached to an already existing nodule as a satellite ( Fig. 1 (4) ) or at the edge of the nodule. They were separated from the older worms by connective tissue (Fig. 1 (5, 6) ). The same was applied for immature and other young males ( Fig. 1 (5) ). The localisation in a separate compartment supported the diagnosis of young worms. As long as the worms did not produce microfilariae (mf), the cellular immune reactions were sparse ( Fig. 1 (5, 6); Wildenburg et al. 1996; 1998) . Young females were not covered by a crust and hence not attacked by numerous neutrophils and macrophages (Figs. 1 (3, 5) and 2 (8)). Immature worms did not yet produce oocytes or spermatocytes ) and they contained only a small number of Wolbachia ( Fig. 2 (10) ).
Young nulliparous females less than 1-3 years old, nodulectomised from a 4-year-old child, harboured numerous normal oocytes ( Fig. 3 (11) ; Hoerauf et al. 2008) . In contrast, older nulliparous female worms contained normal plus degenerated oocytes, but no degenerated remnant mf, since they had not been inseminated. For these worms, additional criteria had to be considered, such as the amount of iron in the gut. Female worms older than 12 months that had been inseminated, showed normal embryogenesis ( Fig. 3 (12, 18) ) or remnants of embryos and more often degenerated mf between the reproductive cycles. Older and very old females often presented empty uteri 20, 22) ) and signs of strong degeneration, as seen in worms from a traveller after 6 years or from patients living in previously endemic areas after 11 years of vector control.
Iron staining
Iron is taken up with the food. It originates from the haemoglobin of ingested erythrocytes and accumulates throughout the life span. Hence, the storage of iron in the worm tissues is correlated with the age of the worm (Fig. 3  (11-17) ). Immature worms did not contain iron (not shown). Sixteen head nodules from a 4-year-old Liberian child contained 24 living female and nine male worms with no or only little iron (Fig. 3 (11, 12) ). Since it needs at least 7 months to develop into adults, these were young worms and the nulliparous worms were probably less than 3 years old. However, for productive female and for male worms, it was difficult to decide whether they were 2, 3 or almost 4 years old. A single nulliparous female worm acquired by a traveller 6 years before nodulectomy during a short visit in West Africa contained already much iron in the gut but none in other tissues (Fig. 3 (13) ). After seven or more years other tissues such as the muscles of the uterus and the body wall, hypodermis and uterus epithelium increasingly contained iron. Worms in nodules removed after 7-11 years of vector, control the old female worms, demonstrated much iron in the gut (Fig. 3 (14, 15) ) and often also iron in other tissues (data not shown). Older males also had accumulated much iron (Fig. 3 (16) ), whereas, a less than 27 months old young male contained only sparsely iron (Fig. 3 (17) ). Therefore, one can conclude that iron deposition starts in the gut.
Labelling of lysosomal aspartic protease
An immunoassay for APR was also used for the estimation of worm age. The enzyme plays a role in the process of digestion of food in the gut and in all cells and tissues where degenerated material has to be removed (Jolodar et al. 2004 ). The gut of O. volvulus was always APR-positive, and the labelling was stronger in older worms, probably because they need more food, as they are larger and they produce embryos. In contrast, other tissues such as the hypodermis and the uterus endothelium became more positive with increasing age corresponding to the proceeding degeneration of the tissues (Fig. 4 (18-23) ). Therefore, APR was usually less expressed in immature and other young worms (Fig. 4  (18) ). It was strongly expressed in lysosomes associated with degradation of degenerated cell components (Fig. 4  (19-23) ) and with inclusion bodies (Fig. 4 (22) ), both Especially in children are young worms (arrows) often alone in tiny nodules with a diameter of 2-4 mm, covered only by a thin layer of connective tissue and the gut contains no or only sparse iron (3). Iron stain, scale bar=1 mm. 4-5 In adult patients are the young worms (arrows) usually attached to a nodule with older filariae. The histology shows two young nulliparous worms (arrows), between them, an immature male (arrowhead) and several older productive worms. A thin outer layer covers the young worms and between the worm sections remains sparse host tissue. 4 Scale bar=1 mm, 5 HE, scale bar=200 µm. 6 A large nodule with three separated portions with older filariae and between them a young female worm (arrow). Van Gieson staining, scale bar=1 mm. 7 A large nodule with a thick outer wall and a cyst that contains only old and dead worms (arrow). Azan staining, scale bar=1 mm volvulus from a 4-year-old child contain no or sparse iron in the gut (arrowheads). Scale bar=50 µm. 13 A 6-year-old female worm from a patient who had briefly visited Nigeria 6 years before the nodulectomy. The gut contains much iron (arrowheads) and the muscle cells of the uterus contain brown pigment (arrow). Scale bar= 50 µm. 14 An old female worm from a patient nodulectomised after 11 years of vector control in Burkina Faso contains much iron in the gut (arrowhead). Scale bar=50 µm. 15-16 Old female and male worms from patients after 11 years ivermectin treatment and 7 years vector control in the Itwara focus in western Uganda contain much iron in the gut (arrowheads). Scale bar=50 µm. 17 A young male less than 27 months old contains only sparse iron in the gut (arrowhead). Scale bar=50 µm characteristics for older worms (Jolodar et al. 2004 ). Other filarial compounds may be used instead of APR as long as they show variations depending on worm age, for example the CuZn superoxide dismutase in the gut of O. volvulus (Wildenburg and Henkle-Dührsen 1999) .
Male filariae
For male worms, the same criteria were applied as those described for females. But again it was difficult to differentiate 2-to 3-year-old from 4-to 5-year-old male worms. Since the males are small, the storage of iron was much less than in the 100 times heavier productive females. However, males older than 7 years showed strong iron deposition in the gut, as did the 11-year-old male of Fig. 3 (16) or the strong staining for APR in several organs (Fig. 4  (23) ). In doxycycline trials, 12 and more months after 6 weeks of doxycycline treatment, all Wolbachia-positive male worms showed the criteria of young worms compared with the old filariae (see Specht, Hoerauf et al. in preparation) .
Discussion
The average life expectancy of O. volvulus is estimated to be 9-11 years, and the reproductive life span ends before the age of 13-14 years based on the observation of mf in four villages in the savannah (Plaisier et al. 1991 ; see for further references). We found comparable figures based on studies of filariae collected after collagenase digestion of the human nodule tissue in the forest zone in Liberia and in the savannah in Ghana and Burkina Faso (Büttner and Weiss 1984; 1990; Albiez et al. 1987) . Considering this, one may designate worms less than 4 years old as young, 4-6 years as middle-aged, 7-10 years as old, and those (few) more than 10 years as very old. For example, 12 years after the beginning of vector control in northern Ghana and Burkina Faso, we collected only very old worms (Albiez et al. 1987; Büttner et al. 1990 ) in spite of some filaria-positive blackflies at the rivers Sissily and Bougouriba. The age estimation of O. volvulus in a large drug trial was first applied by Duke et al. (2002) to assess the Fig. 4 18 In a young fecund female O. volvulus from a 4-year-old child, the gut (arrowhead) is labelled for APR, whereas, the hypodermis is negative (arrow) except for the outer layer. Scale bar=50 µm. 19 An old female with many APR-positive lysosomes in the hypodermis (arrow) and a strongly pigmented gut (arrowhead) from a patient after 11 years of vector control in Burkina Faso. Scale bar=50 µm. 20 An old female with APR-positive hypodermis (arrow), gut (arrowhead) and uterus from a patient after 11 years of ivermectin treatment and seven years of vector control in the Itwara focus in Uganda. Scale bar=50 µm. 21 Many strongly APR-positive lysosomes in hypodermis (arrow) and gut (arrowhead) of an old female after 11 years of ivermectin treatment. Scale bar=50 µm. 22 An old female with APR-positive inclusions (arrow) characteristic for older age. Hypodermis, uterus and gut (arrowhead) are stained for APR. Scale bar=50 µm. 23 An old male with APR-positive testis (arrow) and gut (arrowhead) after 11 years of vector control in Burkina Faso. Scale bar=50 µm intensity of transmission. When they had no means to assess the Annual Transmission Potential (ATP) while a large IVM trial was in progress and no pre-treatment baseline ATP figures were available, they used the determination of the average age of the worm population to estimate the acquisition of new young female worms during the trial. They counted the young nulliparous worms in full production of oocytes as a subpopulation probably recently acquired. They used for their assessment a classification of the female worms (Duke et al. 2002; Duke 2005 ), which we have followed except that we also included the definition of immature worms. Since in another report we were interested in the identification of newly acquired worms with regard to drug trials (Specht, Hoerauf et al. in preparation) , we differentiated only young worms less than 3-4 years from all other older worms. It is however also possible to differentiate the groups of older worms, if this is needed.
It needs to be mentioned that there are always a small number of worms with exceptions from the described characteristics. Further, drug-treated filariae may show signs of drug-induced degeneration, as we have observed after doxycycline. In this case, iron storage and APR-staining became more important than the morphology. The following assumptions are based on our findings and on the literature.
(1) The fourth stage larvae moult to immature worms, which begin to produce oocytes or spermatocytes probably after seven or a few more months, since the minimal prepatent period is estimated to be 7 months (WHO 1987) . Based on this figure and our observations, we assume that immature worms are less than 1 year old. (2) The next category refers to young nulliparous worms in full production of oocytes without degenerated remnant embryos or mf from a previous production cycle. In a highly endemic area, the prepatent period is usually not longer than 2-3 years (WHO 1987) . However, some female worms may never become inseminated. We assume that nulliparous worms without signs of degeneration, none or sparse iron in the gut and weak APR-staining of the gut are less than 3 years and most of them are less than 2 years old. A few young worms with early insemination may contain remnant mf. (3) Worms with typical signs of older age, such as large diameter, degeneration of their tissues, increased amounts of iron in the gut and stronger APRstaining, producing reduced numbers of oocytes and often containing degenerated remnant mf, are probably older than 3 years. The age may be estimated by the degree of alterations described for older age. (4) Fecund worms producing embryos of all stages up to mf with the above described characteristics of young age are probably between 7 months and 2-3 years old, with mild signs of aging 4-5 years and with increasing signs of old age 6-14 years. (5) Senescent worms have empty uteri and show all signs of degeneration. They are certainly older than 3 years and most of them older than 6 years. However, some exceptions might occur, as we observed a calcified worm collected from a 3-year-old child. Worms with pleomorphic neoplasms (Duke et al. 2002) showed signs of middle aging. (6) Immature males and males with a small diameter, without signs of degeneration, with no or sparse iron, with weak APR-staining and normal spermatogenesis are certainly less than 5 years old and most of them are probably less than 3 years old.
Conclusion
For most O. volvulus worms, the differentiation between those 1-3 years young and older ones is possible using the criteria described above. Only for a few filariae remains the age estimation difficult.
